In systemic lupus erythematosus (SLE), IL-2 production by T lymphocytes in vitro is impaired. Deficient IL-2 production may be an outcome of a primary SLE T cell disorder that is due to impaired signal transduction. In this issue of the JCI, evidence is presented that an anti-TCR/CD3 complex autoantibody present in SLE sera can bind to T cells and activate the Ca 2+ -calmodulin kinase IV (CaMKIV) signaling cascade, resulting in downregulation of IL-2 transcription and IL-2 production (see the related article beginning on page 996). Because IL-2 may contribute to the maintenance of T cell tolerance, deficient IL-2 production could promote a breach of T cell tolerance that results in autoantibody production in SLE.
Recently, it has been recognized that diverse autoantibodies directed against intra-and extracellular autoantigens exist in patients with systemic lupus erythematosus (SLE) for years before the clinical diagnosis is made (1) ; this suggests that physiologic mechanisms that maintain tolerance to self antigens have been breached. Tolerance to self antigens is established and preserved by a subpopulation of T lymphocytes known as Tregs (2) , and the loss of tolerance is a pathologic process giving rise to autoimmunity. This circumstance raises the possibility of the existence of abnormal T cell clones that mediate defective helper and suppressor effector functions, which result in autoantibody generation by forbidden B cell clones. In SLE, defective signaling cascades are believed to give rise to a primary T cell disorder that is characterized by impaired effector functions (3). These effector dysfunctions are, at least in part, a result of skewed expression of various effector molecules, including CD40 ligand (e.g., CD154) and multiple cytokines, and may reflect an imbalance of gene expression. An extracellular factor(s) in the microenvironment that interacts with T cells and exacerbates these dysfunctions has not been previously identified.
Tregs, skewed cytokine production, and loss of tolerance Impaired effector T cell functions due to skewed cytokine production may create a microenvironment that promotes a strong Th2 immune response relative to Th1 and Treg activity. Relative overproduction of IL-4, IL-6, and IL-10 by Th2 cells and underproduction of IL-2, IL-12, TGF-β, and IFN-γ by Th1 cells and Tregs can result in imbalanced autocrine and paracrine effects on T and B cells in the microenvironment. Because of the reduced numbers of CD4 + CD25 + Tregs (4) as well as the diminished generation of IL-2 and TGF-β, there may be insufficient suppressor activity in SLE to counterbalance the enhanced Th2 effect on B cell antibody production. Taken together, these conditions create a microenvironment that promotes a dysregulated immune response driving both physiologic and forbidden B cell clones to overproduce antibodies and autoantibodies, which results in hypergammaglobulinemia. Moreover, these events occur despite the existence of other primary counterregulatory mechanisms, including expression of the cell surface molecule cytotoxic T lymphocyte antigen 4 (CTLA-4) (5).
IL-2 is a key cytokine that has been held to function predominantly as a growth factor. This cytokine is largely produced by activated CD4 + and CD8 + T cells and binds to high-affinity cell surface IL-2 receptors (IL-2Rs) expressed by T cells, B cells, NK cells, and APCs. However, current evidence from analyses of IL-2 -/-and IL-2R -/-knockout mice supports the notion that IL-2 may operate, not as a principal growth factor in vivo, but as a third signal that stimulates clonal expansion of effector cells to promote tolerogenic responses and to regulate development and function of CD4 + CD25 + Tregs and, possibly, CD8 + Tregs to maintain tolerance (6, 7) . Although much less is known about the mechanisms of IL-2 function in humans, it seems reasonable to suppose that IL-2 may serve a parallel role in immune homeostasis.
Mechanisms of deficient IL-2 production by SLE T cells
Deficient IL-2 production may predispose individuals to impaired immunoregulation, loss of tolerance, and the development of SLE owing to the abrogation of suppressor mechanisms that maintain tolerance to self antigens. Two lines of evidence support this concept. First, it has been demonstrated that T cells from animal models of lupus as well as patients with SLE produce low amounts of IL-2 in vitro (8, 9) . Second, vaccination of MRL/lpr lupus mice with live vaccinia recombinant viruses expressing the human IL-2 gene ameliorated disease activity (10) . However, at the time that the IL-2 deficiency was discovered, the mechanisms leading to deficient IL-2 production by SLE T cells were unknown.
In SLE, a primary T cell disorder has been proposed to exist based on the identification of multiple discrete signaling abnormalities at the level of the TCR/CD3 complex, the cytosol, and the nucleus (3, 11) (summarized in Table 1 ). Tsokos, Kammer, and their colleagues first proposed that a primary failure of T cells due to defective signaling could hinder IL-2 gene transcription and IL-2 production and contribute to impaired T cell effector functions in SLE (12) . To date, the data support this notion (13) . Figure 1 presents a schematic of the mechanisms identified to date in SLE T cells that contribute to the downregulation of IL-2 production. However, extracellular factors in the microenviron ment that impinge on the SLE T cell to further modify its immunoregulatory functions could also exist.
IgG anti-TCR/CD3 autoantibodies and reduced IL-2 generation
In this issue of the JCI, Tsokos and colleagues present an incisive series of experiments that demonstrate that there is a factor in the microenvironment that can induce inhibition of IL-2 production by SLE T cells (14) . Here, these authors show for what is believed to be the first time that the IgG fraction of SLE serum possesses an anti-TCR/CD3 complex autoantibody(s) that stimulates translocation of Ca 2+ -calmodulin kinase IV (CaMKIV) from the cytosol to the nucleus. This event induces upregulation of the CREM (cAMP response element [CRE] modulator) transcript and CREM protein, proposed phosphorylation of CREM (to pCREM), binding of pCREM homodimers as well as pCREM-phosphorylated CREbinding protein (pCREB) heterodimers to the -180 region of the IL-2 promoter/ enhancer, and leads to reduced IL-2 transcription and IL-2 production (Figure 1 ).
It has not been previously shown that an IgG autoantibody in SLE serum can activate a signaling cascade in T cells, although it is well known that serum factors can activate signaling pathways in diverse cell types. Indeed, we have previously found that SLE serum does not induce the defects of PKA signaling in normal T cells that have been identified in SLE T cells (15) . To determine whether such an activating factor exists in SLE serum, Tsokos and his associates first investigated whether SLE sera could cause increased expression of nuclear pCREM relative to pCREB in normal T cells, just as had been observed in SLE T cells. Indeed, in normal T cells cultured in the presence of SLE sera, but not sera from patients with rheumatoid arthritis or from healthy controls, the authors observed increased levels of the CREM transcript, CREM protein, and pCREM binding to the -180 CRE region of the IL-2 promoter/enhancer. These findings revealed that SLE sera contain a factor capable of inducing nuclear CREM expression (14) .
In subsequent experiments, the authors identified the protein kinase that mediates the overexpression of CREM. Based on their previous recognition that signals from the TCR/CD3 complex significantly stimulate the production of increased concentrations of intracellular Ca 2+ in SLE T cells (16) , they searched for a Ca 2+ -dependent kinase and found that SLE T cells exhibited increased amounts of nuclear CaMKIV compared to nuclear CaMKII in normal T cells. When normal T cells were then incubated with SLE or normal control sera, transiently transfected with a CaMKIV expression plasmid, and activated with a phorbol ester and ionomycin, T cells exposed to SLE sera exhibited significantly greater pCREM binding to the -180 region of the IL-2 promoter/enhancer (14) . When these T cells were also transiently transfected with an IL-2 promoter-reporter luciferase construct, the cells incubated with SLE sera expressed significantly lower IL-2 promoter luciferase activity and IL-2 production compared with cells incubated in normal sera. Taken together, these results provide firm evidence that an extracellular factor in SLE sera can activate CaMKIV and induce its nuclear translocation from the cytosol, where it upregulates CREM expression, pCREM binding to the IL-2 promoter/enhancer, and inhibition of IL-2 transcription and IL-2 production. To identify the SLE serum factor, the authors postulated that the TCR/CD3 complex is the target for a circulating IgG autoantibody(s) in SLE serum. They performed a subtraction experiment using wild-type and mutant Jurkat T cells that do not express the surface TCR/CD3 complexes. Absorption of the IgG autoantibody(s) by wild-type Jurkat T cells but not TCR/ CD3 -mutant Jurkat T cells eliminated the ligand(s) for the TCR/CD3 complex, reducing CaMKIV nuclear translocation and pCREM binding to the IL-2 promoter/ enhancer (14) . Although the authors did not perform an experiment to identify the subunit of the TCR/CD3 complex against which the autoantibody(s) is directed, the results support the notion that SLE sera possess an anti-TCR/CD3 complex autoantibody(s) that can bind to a subunit(s) of the TCR/ CD3 complex and activate the CaMKIV signaling cascade in T cells (Figure 1) .
Movement of signaling molecules between intracellular compartments is a well-known concept in cell biology. Under homeostatic conditions, signaling molecules are localized to specific intracellular regions; in response to a stimulus, these molecules can translocate
Figure 1
Diagram of established and proposed mechanisms contributing to reduced IL-2 production by SLE T cells. A primary T cell disorder characterized by multiple abnormal signaling molecules has been identified in human SLE. A proportion of TCR ζ chains are replaced with FcεRIγ chains through which signaling can take place. In the microenvironment, anti-TCR/CD3 autoantibody(s) can bind to SLE T cells via the TCR/CD3 complex; however, the subunit(s) of the TCR/CD3 complex against which the autoantibody(s) is directed has not yet been identified. For the purpose of this illustration, the autoantibody is proposed to be against the α subunit of the TCR (dotted lines). Autoantibody binding to the TCR/CD3 complex results in heightened intracellular Ca 2 + concentrations and activation of the CaMKIV signaling cascade. CaMKIV translocates to the nucleus, is proposed to phosphorylate CREM, and induces increased pCREM binding to the CRE located at the -180 region of the IL-2 promoter/enhancer. Because there is overexpression of the RIIβ in the T cell nuclei of some patients with SLE, it is proposed that PKA-IIβ is spontaneously activated by an unknown mechanism and that RIIβ becomes autophosphorylated; pRIIβ translocates to the nucleus, where it mediates downregulation of IL-2 transcription and IL-2 production. Together, pCREM and pRIIβ inhibit IL-2 transcription, thus yielding reduced IL-2 production. Note that proposed mechanisms have not been experimentally demonstrated. C, catalytic subunit; CBP, CREB binding protein.
to a target to perform a specific function, such as phosphorylation. cAMP-dependent activation of type IIβ PKA (PKA-IIβ) releases the β type II regulatory subunit (RIIβ) from its binding site on A-kinase anchor proteins (AKAPs) and its interaction with the catalytic subunit, permitting its autophosphorylation and translocation from the cytosol to the nucleus in T cells (17) (Figure 1) . Once in the nucleus, phosphorylated RIIβ (pRIIβ) binds to pCREB, inhibits activator protein-1 formation, and strongly inhibits IL-2 transcription and IL-2 production. In SLE, the accumulation of RIIβ in the nuclei of T cells from some patients seems likely to contribute to reduced IL-2 production (18) (Figure 1 ). The identification of CaMKIV in the nuclei of SLE T cells is the second example of cytosolto-nuclear translocation of a protein kinase. Despite our incomplete understanding of the repressor mechanisms involved at the level of the basal transcription machinery, the recognition that both nuclear CaMKIV and pRIIβ have the effect of downregulating IL-2 production suggests complementary functions with a powerful outcome (14, 17) .
The weight of evidence to date has led investigators to propose that the signaling abnormalities previously identified in SLE T cells reflect a disorder primary to the T cell (3, 11) . Here, Tsokos and his colleagues present the first credible evidence that an extracellular factor(s) in the microenvironment can trigger a signaling cascade that ultimately modulates IL-2 transcription in T cells (14) . It may be that extracellular factors further hinder an already impaired T cell by activating functional pathways via cell surface receptors.
Reduced IL-2 production, effector and Treg functions, and tolerance in SLE Two fundamental concepts seem to be emerging from the IL-2 -/-and IL-2R -/-knockout murine models that may become applicable to the study of SLE in humans. The first is that IL-2 is necessary for effective Treg maintenance of homeostasis via mechanisms involving anergy and apoptosis. Loss of IL-2 in the murine system is associated with reduced numbers of CD4 + CD25 + T cells and autoimmunity; restoration of IL-2 prevents autoimmunity and generates homeostasis. The second is that IL-2 may operate as a third signal for the expansion, development, and function of antigen-dependent T cell effectors (6, 7) .
In human SLE, reduced IL-2 generation may be a key factor underlying the impaired T cell effector functions and breach of tolerance that result in autoantibody production. In the murine system, development of CD4 + CD25 + Tregs in the thymus and their subsequent export to and expansion in the periphery are dependent on IL-2 (7). Whether there is a similar requirement for IL-2 in the development and expansion of CD4 + CD25 + Tregs in humans remains uncertain (6, 7) . Although there is still limited information about CD4 + CD25 + Treg function in human SLE, one might hypothesize that the reduced numbers of these Tregs in the periphery in SLE (4) reflect a defect in their development, export, and/or proliferation in the periphery.
Future directions
Clearly there is a paucity of information about IL-2 function in human immunity and tolerance, the molecular mechanisms regulating its expression in T cells, and its contribution to the immunopathogenesis of SLE. This gap in knowledge presents a compelling opportunity to investigate these issues. Among possible future directions, establishing the mechanisms of IL-2 regulation of homeostasis in humans should generally be emphasized. Because there is consensus that a breach of T cell tolerance contributes to the persistence of autoreactive T cells and autoantibody production, mechanisms that may result in this failure should be intensively investigated. In this vein, the contribution by Tsokos and his colleagues in this issue of the JCI (14) provides a new appreciation and insight into how the microenvironment in SLE can further impinge on a defective T cell to inhibit IL-2 production. From such studies will come the inspiration and novel approaches necessary to develop therapeutic tools to abate disease and improve the quality of life of our patients.
